Abstract. Laryngeal activity in the production of voiceless obstruents and obstruent clusters in Icelandic was investigated by the combined techniques of transillumination and fiberoptic filming of the larynx.
The present study deals with two topics in speech production that will be discussed from two different perspectives.
The first topic is laryngeal activity in speech, in particular the organization of laryngeal abduction and adduction in voiceless obstruent production. Production of voiceless obstruents requires not only certain laryngeal adjustments but also the formation of a closure or constriction in the vocal tract that is made by adjusting supralaryngeal articulators. Since obstruent production thus involves simultaneous activity at both laryngeal and supralaryngeal levels 9 the laryngeal and oral articulations have to be coordinated in time. The second topic to be dealt with is laryngeal-oral coordination in obstruent production.
Following the ti tIe of this Conference we will discuss these two topics from a Nordic and a general perspective. The Nordic perspective is that of the phonetics of Icelandic. Icelandic is, in a sense, a rich language since it has contrasts of preaspirated, unaspirated and postaspirated voiceless stops. We will thus discuss laryngeal activity and interarticulator programming in Icelandic, and examine ho\'If they are used to produce the acoustic signals that are required by the phonology of the language.
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We will also discuss these problems from a more general point of view, trying to extract some general properties of laryngeal function in speech that appear to be used by speakers of different, and unrelated languages. If such universal aspects of laryngeal behavior in speech can be found, they are likely to reflect general properties of the organization of the speech motor system.
Finally, we will address the general problem of interarticulator programming in speech. If we loosely define speech as audible movements, it behooves us to account for temporal and spatial aspects of their coordination and control. We will thus argue that speech production should be viewed as an instance of control of coordinated movements in general, and outline what we think is a powerfUl and productive theoretical approach to this problem.
The aim of the present study is thus twofold: To contribute to a better understanding of laryngeal control and interarticulator programming in Icelandic, and to use the Icelandic data to evaluate and develop further current models of laryngeal and motor behavior in speech.
METHOD Procedure
Laryngeal adjustments were monitored simultaneously by fiberoptic filming and transillumination.
Filming was made through a flexible fiberscope (Olympus VF Type 0) at a film speed of 60 frames/ second. The fiberscope, inserted through the nose was kept in posi tion a specially designed headband.
A synchronization signal was recorded on one channel of a multichannel instrumentation recorder for frame identification. Relevant portions of the film were anal frame frame wi th computer assisted analyzing system, and the distance between the vocal processes was measured as an index of glottal opening.
The light from the fiberscope was used as a transillumination system, whereby the amount of light passing through the glottis was sensed by a phototransistor (Philips, BPX 81) placed on the surface of the neck just below the cricoid cartilage, and held in posi tion a neckband. A direction-sensitive microphone was used to record the audio signal in direct mode on one channel of the instrumentation recorder. The audio signal was sampled at 10 kHz and used for determination of the line-up points as well as for acoustic measurements. This signal was then rectified and analyzed in parallel with the biomechanical signals
In the averaging process the rectified audio signal was integrated over 15 msecs.
stic Material ---:::::_--
The linguistic material consisted of Icelandic voiceless obstruents and obstruent clusters, with a word boundary preceding, following or intervening within the cluster.
Both the transillumination technique and fiberoptic filming require a wide pharyngeal cavity, which had to be taken into account in selecting the linguistic material. Icelandic words were used 9 and these words are given in Table 1 . The words in Set A were placed in the frame "Seg~u ... " (" Say ... "). All the words in Set B were combined wi th those in Set C and placed in the carrier "En ... " ("But .
•. If) to yield 24 normal Icelandic sentences. Table 1 The linguistic material. The words in set A contain contrasts of preaspirated (left column) 9 unaspirated (middle column), and postaspirated (right column) voiceless stops. All the words in set B were combined with those in set C to provide different obstruent clusters. A good agreement between the two methods is apparent.
Set
This was also shown by a correlation analysis.
For each of 95 utterances t a Pearson product moment correlation coefficient was calculated between the two curves.
The correlation coefficients were highly significant (O.6<r<O.7 for 4 utterances; O.7<r<O 8 for 10 utterances; 0.8<r<0.9 for 29 utterances; r>0.9 for 52 utterances, with P<0.001 in all cases).
Figure 2 presents averaged transillumination signals and audio envelopes for three different types of voiceless , unaspirated, po , and preaspirated. They differ in at least two dimensions of activity. First, the relative timing of glottal abduction/ adduction and oral closure/release is different.
For the unaspirated stop, glottal abduction starts at the implosion, and peak glottal opening, i.e., glottal adduction, occurs close to the implosion. The postaspirated type has glottal abduction beginning at implosion and glottal at the oral release. For the stop, both abduction and peak glottal precede oral closure A second difference illustrated in Figure 2 is that of opening size Al though the ampli tude information of the transillumination should be with caution due to technical present data that voiceless po hav opening than their and Glottal smaller for the , and very small for the For the latter, the revealed small, in the membraneous of the 2 also indicates an even larger voiceless fricative in " " transillumination and acoustic records of consonant clusters are shown in 3. The average records in 3 only contain tokens with similar cluster duration, and where no pause the location of the word boundary. In other cases, the cluster durations showed , as will be discussed further below. As mentioned above, some cluster durations showed rather large variability between tokens. This is illustrated further in Figures 4 and 5, which show single tokens of two utterance types.
In both cases a unimodal pattern is changed into a bimodal one as the duration of the cluster increases. For the longest durations of tv Agnes spytir" a silent pause intervened between the two words.
In these cases the glottis was completely adducted, whereas in all other cases where more than one opening gesture occurred, the glottis was only slightly adducted without complete closure between the two opening maxima A closer view of glottal opening and velocity is presented in Figures 6, 7, and 8 for selected single obstruents and obstruent clusters. The displacement averages were made wi th an integration time of 15 msecs, and all the curves are al igned wi th reference to the offset of the preceding vowel. In the veloci ty plots, posi ti ve val ues indicate abduction and negative val ues indicate adduction.
The word initial vowels in the test material were generally produced with a glottal attack. In Figures 7 and 8, utterances containing a glottal attack following the obstruents are shown wi th solid lines, and glottal closure for the attack is evident in the displacement plots. Figure 6 shows some clear differences between stops and fric~tives" A comparison between the utterance containing a word initial ( nki tir") and those with a word initial fricative ("sytir," and "spytir") shows that for the stop, peak glottal opening occurs later than for the fricative. Similarly, peak velocity of the abduction gesture occur s closer to vowel offset for the fricative than for the stop" Peak abduction veloci ty is also for the fricatives.
and fricatives and occur closer to vowel offset for the and clusters also show higher For the clusters with a a narrow whereas for the is broader.
Similar differences between clusters are shown in 7 ("Rut e . , " and peak velocity of the abduction gesture . clusters beginning with a fricative, velocity of the abduction fricative, abduction velocity shows clusters beginning with a stop the peak These differences between clusters beg and fricatives are less clear in Figure 8 , as far as timing of and peak abduction velocity are concerned. ThJs is presumably related to the very short closure duration for /k/ in "Eiriks It where closure absent even in the acoustic record for some tokens. 6. Plots of size and of the glottal abduction/adduction gesture for three obstruents. Zero on x-axis indicates offset of the vowel the obstruents" Abduction veloci ty is shown wi th positive sign, adduction velocity with negative sign. 
DISCUSSION
The present results are limited to a single subject, and may thus contain speaker specific elements 0 They are, however, in good agreement wi th those obtained from another Icelandic speaker by Petursson (1976 Petursson ( , 1978 0 Moreover, they also agree wi th other cross-language data, and would thus seem to show some general aspects of laryngeal behavior in speecho
Concerning the phonetics of Icelandic, the differences in laryngeal activity between preaspirated, unaspirated and postaspirated stops are similar to those presented by Petursson (1976) 0 In one respect, the present material would seem to show some speaker specific trai ts in that peak glottal opening occurs close to, or coincides with, stop release in postaspirated stopse For the SUbject investigated by Petursson (1976) , peak glottal opening precedes stop release by a longer interval for the same stopso This variation is also reflected in longer VOT values for this stop category in the present study, about 80 milliseconds compared to 40-50 milliseconds in Petursson's study. Such interspeaker variability should come as no surprise, given the variability permitted by the linguistic code 0 Since similar acoustic signals can be produced using different articulatory strategies, this may be another source of interspeaker variation. The exact timing of peak glottal opening relative to oral release in postaspirated stops would seem to differ between languages depending on the amount of aspiration required by the phonology of the language, and also between speakers, since different combinations of interarticulator timing and glottal aperture size can result in similar durations of aspiration.
As for the production of voiceless obstruent clusters, the present material further validates the conclusions, based on American English and Swedish material (Yoshioka, L6fqvist, & Hirose, 1979;  ist & Yoshioka, 1980) on the organization of laryngeal activity in During a voiceless cluster, when the glottis is open for a long period, variations in glottal occur 0 Laryngeal articulation is thus organi zed in one or more continuously changing opening and The rule governing the occurrence of one or more seems to be that sounds requiring a high rate of air flow and/or buildup of oral pressure are produced wi th a separate gesture e To judge from the resul ts of the American English and Swedish studies, these gestures are actively controlled by muscular adjustments, and are not passive results of aerodynamic forces.
From Figures 4 and 5 , it appears that a word boundary marked by a silent pause is associated wi th glottal adduction It is possible that such an adduction is made to prevent air flow and waste of dur an ongoing utterance Another inter would be that word boundaries are in themsel ves accompanied by glottal A ' fricative spanning a word can, however, be with one or two es, cf. Figure   50 Glottal adduction is thus not necessarily associated with lingUistic boundaries Adduction is also found in certain clusters wi thout apparent boundaries, where it seems better ascribed to es.
We would favor the zation of information Static 288 reflects both of stic to occur in speech, and al so appear difficul t to maintain in some nonspeech conditions (cf0 L6fqvist, Baer, & Yoshioka, 1980)0 A continuously changing glottis thus seems to be a basic feature of laryngeal control 0 The laryngeal gestures are precisely coordinated with supralaryngeal events to meet the aerodynamic requirements for producing a signal with a specified acoustic structure 0
Before we turn to a discussion of the displacement and veloci ty data presented in Figures 6, 7 and 8, it is appropriate to discuss briefly the acoustic consequences of differences in interarticulator timing at implosion and explosion of voiceless obstruents.
Glottal abduction in voiceless obstruents contributes to cessation of vibrations and, red laryngeal resistance to air flow, to the high air flow and/or buildup of oral pressure 0 In voiceless , initiation of the abduction before oral closure produces preaspiration as shown in Figure  20 If The present resul ts provide further illustration of a tight temporal coordination of laryngeal and oral articulations in voiceless obstruent production. The nature of this coordination constitutes an important problem for any theory of speech production.
Models of speech production based on feature spreading (Daniloff & Hammarberg, 1973; Hammarberg, 1976; Bladon, 1979; see also Fowler, 1980) would seem incapable of handling this kind of interarticulator programming, at least in their current form.
One reason is that their temporal resolution is limited to quanta of phone or syllable size, whereas laryngeal-oral coordination in obstruents requires a finer grain of analysis. An additional problem is that it is unclear how such models can be interfaced wi th a theory of control of coordinated movements, since they do not specifically address the general problem of interarticulator coordination in space and time. These limi tations of feature spreading models stem partly from the fact that they take as input the units of linguistic analysis. Linguistic feature descriptions usually lack an intrasegmental temporal domain, whereas the present results indicate that such a domain is necessary, at least for some classes of speech sounds
As interarticulator timing appears to be an essential feature of voiceless obtruent production, one may question the descriptive adequacy of feature systems with timeless representations for modeling speech production, whatever their meri ts may be for abstract phonological analysis. Specifying glottal states along dimensions of spread/constricted glottis and stiff/slack vocal cords (Halle & Stevens, 1971 ) would thus seem not only to be at variance with the phonetic facts but also to introduce unnecessary complications. The difference between aspirated and unaspirated stops is one of timing rather than of spread versus constricted glottis. Similarly, the difference between voiceless and voiced aspirated stops is also one of timing rather than of stiff versus slack vocal cords.
Preaspirated stops are naturally accounted for wi thin a timing framework but cannot be readily differentiated from postaspirated ones in a timeless feature representation. Even though the size and of the glottal abduction and adduction gesture is a controlled variable, this gesture does not occur randomly in obstruent production but is tightly coordinated with supraglottal events. The importance of interarticulator timing in obstruent production is not a new idea, e.g., Rothenberg (1968) , Lisker and Abramson (1971), Ladefoged (1973) , and it has also been noted by phonologists favoring timeless phonological descriptions (e.g., Anderson, 1974) .
Given the dynamic character of production and the need to coordinate different articulators in space and time, a theory of speech should account for both these One view of motor control these features is the propo sed by Bernstein (1967) Greene (1971 ( , 1972· see also Boylls, 1975 Turvey, 1977; Kelso & Turvey, 1980; Kelso, Holt, Kugler, & Turvey, 1980; Fowler, Rubin, Remez, & Turvey, 1980) to cope wi th the number of degrees of freedom to be controlled, this views motor coordination in terms of constraints between muscles or groups of muscles that have been set up for the execution of fied movements Areas of motor control where this has to be include locomotion (Grillner, 1975) , posture control 1977) and hand coordination Southard, & Goodman, 1979). One merit of this view is that it predicts and rationalizes tight temporal relationships between articulators. In particular, it predicts that some such relationships should remain invariant across changes in stress and speaking rate, and material presented by Tuller and Harris (1980) on oral articulators is in agreement with this prediction. One aspect of the present resul ts would seem to fit into this theoretical framework Peak velocity of the glottal abduction gesture was found to occur almost at the same point in time relative to the offset of a preceding vowel. It is conceivable that this fixed temporal relationship is a feature of the control of laryngeal-oral coordination.
Under this interpretation, we would expect similar fixed relations between of supralaryngeal articulatory movements and the laryngeal gestures Work in progress will further clarify this issue.
